Plasma is regarded as the fourth state of matter 1 because it exhibits unique characteristics that set it apart from solids, liquids, and gases.
study of materials since many non-metallic molecular compounds exhibit vibrational and rotational resonances when stimulated by THz waves. Therefore, THz radiation can serve as a unique tool for noninvasive material classification, particularly since it easily penetrates many optically opaque materials such as paper, plastics, and clothing. By detecting THz radiation after its interaction with a material, absorption features at the resonant frequencies can be used as a unique spectral signature, or "fingerprint," for its identification. It is clear that air photonics presents a unique technique for the generation and detection of THz radiation, but it remains desirable to seek sensing methods which could apply this powerful technology while overcoming existing limitations such as stand-off distance and limited detection geometries.
Plasma formed in gas through laser-atom/molecule interaction emits both fluorescence and acoustic waves. When the plasma is subject to a strong external electric field, both the intensity of fluorescence amplitude of the acoustic waves are increased by the transfer of kinetic energy from accelerated electrons to surrounding molecules through electron-electron, electron-ion, and electron-neutral atom collisions.
THz radiation enhanced emission of fluorescence (THz-REEF) and THz enhanced acoustics (TEA) [13] [14] [15] [16] [17] [18] , are two techniques that utilize a dualcolor laser field (800 and 400 nm pulses of light superimposed in space and time) to create air-plasma with asymmetric electron motion, making it possible to coherently detect broadband THz waves remotely.
Amplitude and phase information obtained from the THz wave, can be used for performing THz spectroscopy of materials. These techniques can overcome large THz wave absorption by water vapor in air, and limited detection angles, by carrying THz wave information in the form of fluorescence or acoustic waves that are emitted in an isotropic manner.
The basic science and engineering of laser air photonics for wideband, high-field THz technology is just beginning. Here we review THz wave generation and detection techniques, sensing methodologies, applications for material classification, remaining challenges, and future opportunities for this rapidly evolving area of research that transcends the "gap" once existing between optics and electronics.
Generation and detection of terahertz waves in air
THz wave generation from intense laser-plasma interaction in air was first reported by Hamster et al. in 1993 4 . At the time, single color (800 nm) sub-picosecond laser pulses were used, and the generation process was attributed to the ponderomotive force inside the plasma. In 2000, Cook et al. reported that higher intensity THz radiation could be emitted from laser-induced gas-plasma excited with both a fundamental pulse (800 nm) and its second harmonic (400 nm) 5 . The THz wave emission mechanism was attributed to the four-wave mixing (FWM) nonlinear optical process. At that time, several other groups became interested in this topic. Among them, Bartel et al. reported THz wave generation from gas-plasma with peak electric fields higher than 100 kV/cm, indicating promising applications of the gas-plasma THz wave source 6 . However, the physical process for THz wave emission remained under debate. In order to identify the basic mechanism, coherent control experiments were performed which verified that FWM could be used to explain the THz wave generation process in a gas-plasma 19 . More importantly, using the FWM approximation, the detection of broadband pulsed THz waves with a laser-induced gas-plasma was successfully predicted and experimentally demonstrated 11 . In light of this, THz wave generation and detection with laser-induced gas-plasma have become attractive scientific research topics, and many groups worldwide have become involved [6] [7] [8] [9] [14] [15] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Laser air photonic systems differentiate themselves from other THz time-domain spectrometers by using ambient air or selected gases for the generation and detection of broadband pulsed THz waves 19, [30] [31] [32] . femtosecond pulse duration, 800 nm center wavelength, and kilohertz repetition rate. The beam is split into pump and probe beams using a beamsplitter. The pump beam is focused through a beta-barium borate (β-BBO) crystal to produce the second harmonic at 400 nm. The mixed fundamental and second harmonic beams (ω and 2ω respectively) generate the ionizing plasma spot (center-right of Fig. 1b ) that emits intense, directional, and ultra-broadband THz radiation through a thirdorder nonlinear process 5 . Although four-wave-mixing (FWM) cannot completely describe the complex physical details [33] [34] [35] [36] , it remains a convenient framework for experimental results due to its simplicity.
After interaction with a sample, the remaining THz energy and optical probe beam are recombined at the detection region, where an electric bias (E bias ) is applied to create a second harmonic local oscillator for coherent detection through DC-field-induced second harmonic generation 12 . Fig. 2 shows that the THz field is proportional to the intensity of the fundamental pulse (ω) above the ionization threshold for lower intensities, and is proportional to the square root of the second harmonic pulse (2ω) 37 :
It is important to note that this relationship is only valid for relatively low peak laser power intensities, since FWM is an approximation in the perturbation region that is no longer valid when the laser intensity is The use of air to sense pulsed THz waves is a measurement of the THz field induced optical second harmonic light generated through a third-order nonlinear process that has been investigated extensively in the previous literature 12, [42] [43] , and therefore details will not be presented here. The measured second harmonic intensity can be expressed as:
Eq. 2 is the key description for detection. The linear dependence of I 2ω on E bias indicates heterodyne detection when E bias is treated as a local oscillator. The field induced second harmonic signal I 2ω is quadratically proportional to χ (3) and I ω (t), and linearly proportional to E bias and E THz (t -τ). (3) . All c (3) are normalized with respect to nitrogen. Therefore, it is useful to search for complementary sensing techniques.
A distinct acoustic pitch can be heard from laser-induced air-plasma as the gas is ionized at the repetition rate of the laser [47] [48] . Although the main component of audible sound is determined by the repetition rate of the amplified laser (typically on the order of kHz), much like a repetitive clap of the hands, a very broad range of acoustic frequencies corresponding to high harmonics, are emitted for each clap. When a pulse of THz radiation is incident on the plasma, electrons are accelerated in the field and electronelectron, electron-ion, and electron-neutral atom collisions increase the gas temperature. Since an acoustic sound results from a variation in pressure, due to kinetic energy transfer from accelerated electrons to the
Fig. 6 Time-resolved air-plasma fluorescence enhancement from THz wave interaction with antiparallel, symmetric, and parallel electron drift velocities with respect to the laser field, controlled by changing the relative phase between the ω and 2ω optical pulses. Subtracting the parallel curve from the antiparallel curve removes the incoherent energy transfer by electrons after inelastic collisions and scattering at random directions. This reveals the THz waveform in the form of fluorescence modulation. The optical pulse leads the THz pulse in time for delay t d < 0.

Fig. 7 (Top) Absorbance signatures for pellet samples of explosives: NG, 2,4-DNT, and HMX (20 % in polyethylene) using conventional EO sampling. (Bottom) Absorbance signatures obtained using THz-REEF. All samples tested were in a transmission geometry and identical samples were used for the respective methods. Curves are offset for clarity.
gas-plasma, excess heating serves to change the air pressure, resulting in sound amplification under the influence of THz radiation. For this reason, a THz wave can be "heard" using a microphone. even at 11 meters of acoustic propagation (test limit due to lab space), spectral content well into the ultrasonic region is still available for detection 49 . Acoustic measurements do not require direct line of sight, meaning useful data might be collected from an operator behind a barrier, using reflected or transmitted acoustic waves. In addition, the pressure attenuation is 1/r with radial distance, whereas the fluorescence intensity decays at 1/r 2 .
Applications
THz radiation generated and detected using laser air photonics remains a relatively young technique, but there exist a wide range of potential applications 50 . Some examples include linear and non-linear THz spectroscopy [51] [52] , determination of the carrier-envelope (CE) phase of ultra-short (<10 fs) laser pulses 20 , identification of materials [53] [54] , THzwave polarization control 26, 55 , plasma diagnostics 56 , and remote THz generation and detection 14, 29, 45 .
A THz-ABCD spectrometer using air or select gases as both THz emitter and sensor is capable of measuring material optical properties covering the entire "THz gap" and well beyond, if reflection geometry is Typically, when performing a spectroscopic measurement, a short pulse of THz radiation containing a broad range of frequencies is allowed to pass through or reflect off a target material. After interaction with the sample, the remaining radiation can be analyzed to determine what frequencies were absorbed during the interaction. It is also possible to extract the index of refraction for the material for this broad range of frequencies in either transmission or reflection geometries with only two measurements (a reference measurement and sample measurement).
Once the complex index of refraction is determined, the material's absorption coefficient can be calculated. Using an intense laser with millijoule pulse energy for many practical applications is also a challenge. The focusing of high intensity optical pulses over long distances with precision, and practical control of the THz amplitude and phase at these ranges has not yet been demonstrated.
While some applications such as battlefield monitoring or sensing in remote atmospheric locations may be feasible, public safety must also be considered. These limitations are motivation for improvements to this technology, and/or alternative solutions for remote THz spectroscopy.
In the future, we will need to address scientific and technical concerns, provide guidelines and solutions to satisfy safety issues, and develop further approaches that make use of THz wave laser air photonic systems and their unique abilities. As a summary, Table 1 provides some advantages and disadvantages associated with air photonics for THz wave generation and detection.
Outlook and future perspectives
Laser air photonics for THz wave technology remains an active area of research both scientifically and for practical uses, particularly geared towards sensing, identification, and materials characterization. A further understanding of the science behind THz wave generation and detection mechanisms in laser-induced gas-plasmas is crucial to advancements in THz wave sources and sensors. Many parameters influence THz wave generation, manipulation, and detection, such as: optical energy, pulse duration, beam polarization, optical phase (in dual color excitation), plasma density, beam divergence angle, air turbulence, air density, and humidity. The study of THz wave generation and detection using lasers with higher powers and shorter pulse durations will push the envelope for THz field strengths and bandwidths. The success of the broader impact of the sensor will come through the five S's: sensitivity, selectivity, simplicity, scalability, and stability. By focusing on these challenges, key applications in spectroscopy, non-invasive evaluation of materials, and imaging will continue to flourish. THz air-plasma systems are expected to provide orders of magnitude improvement in field strength, bandwidth, Critical alignment is necessary THz can be detected through fluorescence or acoustic wave modulation Lower sensitivity from the use of high-order nonlinearity (b) (a) air photonics shows that a bandwidth covering the entire "THz gap," and continuously stretching to the near-IR can be obtained 58 .
In the future, laser air photonics may find alternative niche applications. The following "wish list" items may provide useful topics of study:
• Using compact oscillator lasers to replace amplified lasers for THz- 
